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Introduction
Microbial degradation of aromatic compounds, which represent about 20% of the earth biomass, has been extensively studied due to its importance in the biogeochemical carbon cycle. Since many aromatic compounds are major environmental pollutants, their detection and removal from contaminated sites are of great biotechnological interest. Moreover, the use of aromatic compounds, e.g., lignin-derived compounds, as feedstock for the bioproduction of a number of substances in the pharmaceutical, industrial, agricultural, food and health sectors stresses the study of aromatic bioconversion processes [1-3].
Two major biochemical strategies are used by bacteria to activate and cleave the aromatic ring depending primarily on the availability of oxygen. Whereas in the absence of oxygen reductive reactions take place, in the aerobic catabolism oxygen is not only the final electron acceptor but also a co-substrate for some key catabolic processes [1] . In this review we will focus in some recent advances related to the aerobic aromatic degradation pathways.
The genes that encode the enzymes involved in a particular aromatic catabolic pathway, i.e., the catabolic genes, are usually physically associated in operons and/or clusters. Aromatic catabolic genes most often lay adjacent to transport genes, responsible for the up-take of the aromatic substrate, and regulatory genes that encode specific transcriptional regulators which co-evolve along with the enzymes that form the catabolic machinery [1, 4] (Figure 1 ). The first part of this review will deal with the catabolic, transport and regulatory genes of the aromatic catabolic clusters.
The modern 'omic' tools have enabled to investigate the metabolism of aromatic compounds from a systems biology perspective [2, 3] . Thus, the catabolic operons are tightly connected with the global metabolism of the particular recipient cell and they are subject to varied, hostdependent influences. Since many aromatic compounds are not only nutrients but also important chemical stressors for the bacteria, they constitute a nice model system to study different aspects about the evolution/adaptation mechanisms in life systems [4] . On the other hand, aromatic degradation pathways are an important source of metabolic exchange factors and, therefore, they play a previously unrecognized biological role in cell-to-cell communication (Figure 1 ). Recent findings regarding all these issues will be presented in the second part of this review.
The catabolic and transport genes
The mechanisms developed by microbial cells to assimilate aromatic compounds were fixed and optimized by natural selection, giving raise to the current enzymes, their organization into functionally separable modules, and to the general trend of a catabolic funnel-like topology.
Thus, a wide diversity of aromatics are channeled (activated) via different peripheral pathways to a few key central intermediates that suffer dearomatization and further conversion to intermediary metabolites, such as acetyl-CoA, succinyl-CoA or pyruvate, via some central pathways that are conserved in evolution and function [1] . Following the first metabolic reconstruction of aromatic acids metabolism in Pseudomonas putida KT2440 [5] , other aerobic aromatic-degrading bacteria have been evaluated at genome-scale, e.g., Cupriavidus necator JMP134 and Burkholderia spp. [6*] , and Corynebacterium glutamicum [7] .
In the classical aerobic catabolism, the hydroxylation and oxygenolytic cleavage of the aromatic ring is carried out by hydroxylating oxygenases and ring-cleavage dioxygenases, respectively.
Most classical aerobic pathways converge to catecholic substrates which undergo either ortho or meta cleavage by intradiol or extradiol (type I and II) dioxygenases, respectively ( Figure 2 ).
However, a number of bacterial degradation pathways generate noncatecholic intermediates, e.g., gentisate, homogentisate, monohydroxylated aromatic acids, O-heteroaromatic flavonols, that are subject of ring cleavage by devoted type III extradiol dioxygenases [8] . Ring-cleavage of Nheteroaromatic compounds can be carried out by additional types of dioxygenases, e.g. the CO- Aromatic peripheral pathways appeared later in the evolution, are usually more tightly regulated, and show broader substrate specificity than central pathways. The complex polymer lignin was considered an almost exclusive substrate of fungal laccases and peroxidases. Recent works have shown that lignin can be the substrate of bacterial dedicated peripheral pathways releasing low molecular weight phenolic products that finally lead to protocatechuate or some derivates of the latter [12] . In the biphenyl-degrading Rhodococcus jostii RHA1 strain an extracellular Dyp-type peroxidase has been shown to be active for lignin degradation, and it has homologues in a wide range of actinomycetes and -and -proteobacteria (12, 13*). The catabolism of aromatic compounds plays also an essential role in the degradation of some terpenoids, such as steroids A second aerobic strategy for cleaving the aromatic ring relies on the use of oxygenases, but solely to form a non-aromatic epoxide. In these aerobic hybrid pathways, as in the anaerobic catabolism, all metabolites are activated to CoA thioesters through the action of an initial CoA ligase, the ring cleavage is carried out hydrolytically rather than oxygenolytically, and further metabolism of the non-aromatic CoA thioesters involves -oxidation-like reactions yielding - In some bacteria the classical benzoate degradation pathway coexist with the box pathway, and it was suggested that the latter could be advantageous under less favorable energetic conditions, The aromatic acid:H + symporters (AAHS) of the major facilitator superfamily are the main family of transporters involved in the uptake of aromatic acids, and they become essential for growth on some aromatic compounds that are easily oxidized and difficult to uptake by passive diffusion, e.g., the GalT permease for gallic acid uptake and chemotaxis in P. putida [10] . Genes encoding multicomponent ABC transporters are also commonly found within or close to catabolic clusters, and in some cases they were shown to be involved in the uptake of aromatic acids [20, 21] 
The regulatory genes
Specific transcriptional factors belonging to a wide range of distinct families of regulators have been recruited and evolved to control the expression of particular aromatic catabolic operons, thus ensuring the production of the enzymes and transporters at the right place and time ( Figure   1 
The host cell
Pathway evolution and computational design of novel pathways
Bacteria that dwell in polluted environments are often capable to evolve, from pre-existing pathways that cope with natural compounds, novel enzymes and regulators for the degradation of anthropogenic (xenobiotic) analogues that have been in the biosphere for only a few years but whose toxic and mutagenic character impose a strong selective pressure [67**]. In Acidovorax sp. JS42, the key initial dioxygenase and its LysR-type transcriptional regulator (NtdR) involved in the degradation pathways of synthetic nitroaromatics, e.g., 2-nitrotoluene (2NT) and 2,4-dinitrotoluene (2,4DNT), appear to evolve from a previously existing naphthalene degradation pathway. Using long-term laboratory evolution experiments, mutants in the initial dioxygenase were obtained that gained the ability to grow on 4-nitrotoluene (4NT) but did not lose the ability to grow with nitrobenzene or 2NT [68**]. In Burkholderia sp. DNT, the regulation of the 2,4DNT degradation pathway is in an earlier stage of evolution since the NtdR regulator still recognizes salicylate, an effector of its NagR-like ancestor, but does not respond to 2,4DNT.
That a useless but still active transcriptional factor occurs along enzymes that have already evolved a new substrate specificity points to the fact that the emergence of novel catalytic activities precedes the setting of a specific regulatory device for their expression, not vice versa,
shading some light to the chicken-and-the-egg dilemma between regulators and enzymes that recognize the same compounds [67**]. The evolution of transcriptional regulators has been also assessed by in vitro experimental evolution/selection setups. For instance, the XylR regulator from P. putida was evolved first to an effector-promiscuous variant and then to a more specific regulator where the natural response to m-xylene was decreased and the non-native acquired response to the synthetic 2,4-DNT was increased. The new XylR28 version may be used to develop more efficient 2,4-DNT responsive reporter systems to engineer whole cell biosensors for explosives [69] .
The promiscuity or specificity of inducer recognition might be also tuned in a regulatory network just by changing the promoter architecture and without requiring the evolution of new transcription factors with altered inducer specificity, e.g., the 3-methylbenzoate dependent induction of the ben operon for benzoate degradation [70] , or the participation of some global regulators in the activation of certain promoters, e.g., the ppGpp/DksA independent costimulation of the dmpR regulatory gene that controls phenol degradation [71] in P. putida.
Computational approaches are being also used to design novel aromatic catabolic pathways. These computational approaches, together with the recent advances in the synthetic DNA technology and genome-scale metabolic engineering, will facilitate the design à la carte of novel strain-specific biodegradation pathways in the years to come (Figure 4 ).
Conclusions and future prospects
The advent of omic age has allowed a broader view of true bacterial potential towards the aerobic degradation of aromatic compounds, unraveling new and unsuspected catabolic pathways, and showing that this ability is more widespread than previously thought. However, there are a number of exciting issues that still require further studies, e.g., the role of genes of unknown function present in aromatic gene clusters, the exploration of the degradative capabilities of non-cultivable bacteria (metagenomics), and the role of auxiliary proteins integrating aromatic catabolic pathways with other cellular processes, among others.
While metabolism is relatively well conserved in different organisms, regulation shows a wider diversity and, therefore, the whole understanding of the regulatory network of a given organism is a challenging task. The physiological relevance of environments and/or metabolic perturbations, that may hinder the efficient expression of catabolic genes when bacteria are exposed to complex mixtures of aromatic pollutants, the potential cross-regulation between classical and hybrid pathways, the ecophysiological meaning of the diversity found in the regulation of the hierarchical utilization of aromatic compounds among closely related strains sharing ecological niches, and a more complete view of the molecular mechanisms underlying CCR in bacteria, are some regulatory aspects that should be explored further.
Aromatic degradation pathways are also an important source of metabolic exchange factors and, therefore, they play a previously unrecognized biological role in cell-to-cell communication. The role of quorum sensing in controlling aromatic catabolic pathways and the latter as a source of metabolic signals and/or quorum quenching mechanisms that modulate bacterial communication in microbial communities, are interesting topics that should be addressed and that point to the aromatic degradation pathways as possible targets for drug development.
From a biotechnology point of view, systems and synthetic biology approaches, which allow the integration of metabolic and regulatory networks as well as the prediction and design of novel strain-specific biodegradation pathways, will be a further step towards a more rational design of biocatalysts. The in vitro evolution of new enzymes and regulators is also an interesting way to track the evolutionary roadmap of these proteins and to engineer new synthetic pathways/regulatory circuits. Advances in programming multicellular-like traits in microbial populations by using custom-made genetic systems, and engineering synthetic microbial consortia are also new approaches that should be accomplished.
In summary, a deeper understanding of the aromatic metabolism will pave the way for the forward engineering of bacteria as efficient biocatalysts for bioremediation of chemical waste and/or biotransformation to biofuels and renewable chemicals, for detection of toxic molecules A polyomic approach integrating metabolomic, genomic, and whole-cell proteomic analyses was applied to reconstruct the first experimental and evidence-driven polycyclic aromatic hydrocarbon (PHA)-metabolic network. In this network, many peripheral pathways, acquired recently and with relative diverse specificity, converge into the widely conserved -ketoadiapte central pathway. In this study, a gene-dose dependent hyperchemotactic response to aromatic hydrocarbons was identified in the extremophile P. putida DOT-T1E strain, reinforcing the potential use of bacteria displaying this phenotype to achieve efficient bioremediation in heterogeneously polluted sites. This work presents a "phenomics" screening platform to investigate the ability of P. putida to grow using different conditions and stresses. The results obtained provide insights into the function of global regulators in P. putida, showing that global catabolite repression systems impose order in the way that nutrients are assimilated but they have little effect on the pattern of nutrients utilized. This work shows that the Crc global regulator modulates the expression of the xyl genes for toluene/xylene degradation in P. putida by directly interfering with the translation of the cognate transcriptional regulators, and with that of some of the catabolic and transport genes responsible for the uptake of pathway substrates that act as effectors of these regulators. This mechanism ensures a rapid inhibitory response that reduces the synthesis of aromatic catabolic proteins when preferred carbon sources become available. The amount of free Crc protein available to bind its targets provides a molecular explanation to the observed decreased catabolite repression when P. putida cells grow at low temperature, and it might help understanding the behavior of this bacterium in biorremediation or rhizoremediation strategies in cold environments. A very interesting work that shows how a mutualistic interaction between a bacterium and a marine microalga turns pathogenic when the alga senesces and releases breakdown products. These products induce in Phaeobacter gallaeciensis an alternative use of the phenylacetic acid degradation intermediates employed in antibiotic and auxin production (algal health-promoting) towards the production of potent algaecides (toxins). An interesting work showing that long-term evolution experiments allowed the isolation of Acidovorax sp. strain JS42 mutants that gained the ability to grow on 4-nitrotoluene via a nitroarene degradation pathway not capable originally to carry out its degradation. Mutations in the initial dioxygenase of the pathway at positions distal to the active site were identified and characterized. A step-wise pathway for the evolution of the improved dioxygenases is proposed. A relevant computational work where the feasibility of novel xenobiotic degradation pathways predicted with BNICE were evaluated by using the genome-scale metabolic model of P. putida. This approach supposes an excellent framework to evaluate synthetic pathways, and provides a systems analysis of the influence of these new degradative pathways in the metabolism of the host organism. 
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• Identification of suitable gene families (e.g, genes encoding enzymes and transporters)
• In vitro evolution of enzymes and transporters • Optimizing gene translation Figure 4 
